Abstract -Cyanobacteria and their principal cyanotoxins were studied in the largest Italian lake (Lake Garda, 65 m a.s.l.) and in a near smaller reservoir (Lake Ledro, 652 m a.s.l.). The two lakes share a fraction of water due to a pipe pumping water from and into the lakes and the same dominant cyanobacterial species (Planktothrix rubescens). Despite the differences in the concentrations of cyanotoxins (mostly microcystins, MCs) and biovolumes of P. rubescens (BV Pr ) (over one order of magnitude), the Bayesian analyses linking these two variables showed striking similarities, suggesting the existence of similar toxic genotypes colonizing the two water bodies and a constitutive MC production. It was stressed that a greater sensitivity and reliability in the management strategies aimed at minimizing the risks due to cyanobacteria should also contemplate the use of specific lake-tailored models linking MCs and BV Pr .
Introduction
Cyanobacteria are a group of photosynthetic bacteria which have successfully colonized almost every type of terrestrial and aquatic environments, from hot thermal ecosystems, to the cold polar environments (de los Rı´os, 2004; . Species of this group of phytoplankters are particularly abundant in eutrophic and thermally stable lakes, where they can form huge water blooms with detrimental effects for ecosystem functionality and water exploitation (Paerl, 2008; Peretyatko et al., 2010) . These effects are further exacerbated when blooms are caused by populations producing secondary toxic metabolites (cyanotoxins) (Azevedo et al., 2002; Vale´rio et al., 2008; Bogialli et al., 2013) . Of these, the most important include several mostly hepatotoxic (microcystins (MCs), nodularins and cylindrospermopsins) and neurotoxic (anatoxin-a, anatoxin-a(S) and saxitoxins) compounds (Meriluoto and Codd, 2005; Sedmak et al., 2008) .
By far, the group of MCs, with over 80 variants, represents one of the most widespread algal toxins, with many examples of toxic blooms and lethal intoxications reported all over the world (Hudnell, 2008) . MCs are heptapeptides of low molecular weight. The most important planktonic producers are represented by Planktothrix spp., Microcystis spp. and Anabaena spp. MCs share the common structure cyclo(D-Ala
(1) -X (2) -D-MeAsp (3) -Z
-Adda (5) -D-Glu (6) -Mdha (7) ) in which X and Z are sites of amino acid substitutions at positions 2 and 4 of the peptide ring . For example, microcystin-RR has two L-arginine at the two variable amino acid positions. Signs of acute intoxication by MCs include the deformation of the cytoskeleton in the hepatocytes and liver degeneration (Humpage, 2008) . Owing also to the difficulties in conducting epidemiological studies, the long-term effects of MCs have been less studied. Nevertheless, a few investigations carried out in China (Yu, 1989; Ueno et al., 1996; Zhou et al., 2002) , USA (Fleming et al., 2002) and Serbia (Svircev et al., 2009) , suggest a link between MCs exposure and human cancer incidence, mostly through the consumption of drinking water.
The identification of the factors controlling the development of MCs begun to be correctly understood only recently. In freshwater ecosystems, MCs are present with values from below 1 mg.L x1 up to over 30 000 mg.L x1 (Sivonen and Jones, 1999; Kardinaal and Visser, 2005; Naselli-Flores et al., 2007) . A large part of this variability is due to differences in the development of cyanobacterial biomasses and to the presence in the populations of toxic and/or non-toxic genotypes (Sivonen and Bo¨rner, 2008) . Physiological variations controlled by environmental factors (e.g., light, iron and pH; Neilan et al., 2012) contribute to the fine-tuning of the toxin in the cells. More specifically, the existence of both toxic and non toxic strains can explain the reasons why blooms caused by the same species can have different levels of toxicity. These above considerations have important implications for the correct management of potentially toxic blooms, requiring an in depth knowledge of cyanobacteria both at the species and population level. Planktothrix rubescens (De Candolle ex Gomont) Anagnostidis and Koma´rek is the most typical and abundant cyanobacterium in many deep Italian lakes (Messineo et al., 2006; D'Alelio et al., 2011; Salmaso et al., 2012a Salmaso et al., , 2012b and in many Italian reservoirs (Naselli-Flores et al., 2007) . In this paper, we report the results of a study carried out in two populations of P. rubescens in two nearby subalpine lakes in Northeastern Italy, namely lakes Garda (a natural large and deep lake) and Ledro (a natural lake with artificial water regulation for hydroelectric purpose). These two lakes are connected by a water pumping system, which favours an exchange of microalgae.
Our hypothesis is that the two lakes, after several years of hydraulic interchange and natural and/or anthropogenic dispersal, developed populations of Planktothrix with similar toxic potential, irrespective of the differences in the physiographic characteristics and trophic state. This hypothesis can be quantitatively tested evaluating the MCs cell quota of the two populations, inferred from statistical models relating MCs and biovolumes of P. rubescens (BV Pr ). The specific objectives include (i) the definition of statistical models relating the biomass of Planktothrix and MCs in the two lakes, and (ii) the degree of comparability of the models in the two lakes and in two different layers characterized by different environmental conditions (surface and metalimnion). Finally, the implications of the results for the management and mitigation of the effects of blooms for human health and water exploitation will be briefly discussed. The models will be evaluated using Bayesian analyses. Bayesian inference is an important statistical method, which is increasingly being used in ecological investigations (Ellison, 2004; Hobbs and Hilborn, 2006) . This approach has many advantages in the interpretation of the model parameters and its adoption in ecological studies has been strongly encouraged (McCarthy, 2007) . In this work, the use of a Bayesian approach allowed us to make direct probability statements about MC cell quota using its posterior distribution. Examples of applications in ecology are reported and discussed in McCarthy (2007) and Ke´ry (2010) .
Material and Methods

Study sites
Lakes Garda and Ledro are located at the southern border of the Northeastern Italian Alps, at 65 m and 652 m a.s.l., respectively (Fig. 1) . Lake Garda is the largest Italian lake with a volume of more than 49 r 10 9 m 3 , a maximum depth of 350 m and a surface of 368 km 2 . Compared with the other deep lakes in northern Italy, Lake Garda has a long renewal time, of more than 27 years. Lake Ledro was originally a natural basin. Since 1928 it has undergone a strong hydrological modifications and widening, and at present it is used for the production of hydroelectric power. Volume, maximum depth and surface are 76 r 10 6 m 3 , 48 m and 2.1 km 2 , whereas the renewal time is lower than 1 year. Lake Ledro is connected by a penstock to a pumped-storage plant on the shores of Lake Garda (Ponale), from which water may be again pumped to Lake Ledro. The two lakes host populations of P. rubescens, which represents the dominant cyanobacterium in both basins (Salmaso et al., 2012a) . In Lake Ledro, this species was the cause of many recent red water blooms (2009) (2010) .
Sampling and analytical methods
In both lakes, the sampling stations were located at the deepest point of the basins (Fig. 1) . In Lake Garda, the sampling station was included in the Long-Term Ecological Research (LTER) network since 2006 (http:// www.lteritalia.it/). Field and laboratory measurements were made between January 2009 and December 2011 (Garda), and June 2011 and December 2012 (Ledro) by the same team and with the same equipments and standard methods. The data refer to samples collected at a monthly frequency at the surface (between 0 and 2 m) and around the metalimnetic layers (19-20 m and 20 m in lakes Garda and Ledro, respectively). In the largest lake, previous investigations clearly showed that the seasonal development of cyanobacteria in the deepest station was very similar to that recorded in other zones of the lake, e.g., the southeast basin ( Fig. 1; Salmaso, 2002) . In Lake Ledro, occasional vertical and horizontal profiles obtained using submersible spectrofluorometers (FluoroProbe) demonstrated a comparable distribution of Planktothrix in the pelagic zone (unpublished data).
Vertical profiles of water temperature were carried out with a multiparameter probe (Idronaut Ocean Seven 316). Secchi disk readings were carried out with the aid of a bathyscope, whereas the light attenuation coefficients were measured with a submersible irradiance sensor, LiCor 192SA. Determination of algal nutrients (Total Phosphorus -TP, Soluble Reactive Phosphorus -SRP and Nitrates -NO 3 -N) was carried out following the standard methods (APHA et al., 2000) . Phytoplankton counting was carried out with inverted microscopes on samples fixed with Lugol's solution. To increase reliability in abundance determinations, Planktothrix cells -along with other larger organisms (see Rott et al., 2007) -were estimated examining five transects at 200 magnification (i.e., ca. 25% of the bottom of a 10 mL sedimenting chamber). Biovolumes were calculated from recorded abundances and specific biovolumes approximated to simple geometric solids (Rott et al., 2007) . MCs were determined by LC-MS/MS (Waters Acquity UPLC 1 directly coupled to an AB Sciex 4000 QTRAP hybrid triple quadrupole-linear ion trap mass spectrometer). The analyses followed the methods described in Guzzella et al. (2010) and Cerasino and Salmaso (2012) .
Data analysis
Bayesian analyses were computed using WinBUGS (Lunn et al., 2000) , and the packages MCMCpack (Martin et al., 2011) and R2WinBUGS (Sturtz et al., 2005) in R 3.0.1 (R Core Team, 2013) . The Bayesian approach allows obtaining a posterior distribution of the parameters (e.g., regression slopes) given the data and existing knowledge (priors) for these parameters (McCarthy and Masters, 2005; McCarthy, 2007) . With a Bayesian approach, every parameter has an entire distribution (posterior) which can be represented as a graph (e.g., using histograms, like in Figs. 3 and 4). The central tendency of a parameter can be estimated computing the mean (or median and mode), while the standard deviation of the distribution can be used as a measure of the uncertainty in the estimate (Ke´ry, 2010) . In addition, a credible interval (CRI, the analog of a confidence interval) is any region of the distribution containing 95% of the area under the curve. In this work, we will consider 95% CRIs delimited by the 2.5 and the 97.5 percentile points of the posterior sample of a parameter (see Table 1 ; Ke´ry, 2010) . This represents a clear advantage, because allows to directly compute the probability that a parameter has a particular value rather than the probability to obtain a particular type of data given some null hypothesis (Ke´ry, 2010) . The posterior distributions were obtained with the computation of Markov chain Monte Carlo (MCMC), which is the method commonly used to fit models using a Bayesian approach (Martin et al., 2011) . For each analysis, a Markov chain of length 11 000 was estimated, discarding the first 1000 points as a burn-in. Before summarizing the parameters, Markov chains were visually inspected for convergence and stationarity. Uninformative, flat default priors were used for the coefficient parameters. This way, the posterior distribution is mostly controlled by the observed data, giving numerically very similar results as the classical statistical approach (frequentist mode of inference). Comparability of slopes and intercepts (the two depths in each lake, or the two lakes as factors) in different models (cf. Figs. 3 and 4) was tested with the Bayes factors tool in the MCMCpack (Martin et al., 2011) . In each run, three models were tested, including a unique intercept and slope, different intercepts and a common slope, and different intercepts and slopes. Lim. 49 (2013) 309-318 Bayesian analyses were compared with the results obtained using the frequentist mode of inference. The comparability of slopes and intercepts in the regression models was tested by an analysis of covariance (ANCOVA). Regression models were selected based on the Akaike information criterion (AIC) and ANOVA tests (R Core Team, 2013 
Results
Environmental variables
The two lakes showed a marked stratification from May-June to September-October. Water temperatures in Lake Garda ranged between 8.2 and 23.6 xC (0-2 m), and 8. 2 and 19.9 xC (19-20) , whereas the maximum deepening of the metalimnetic layer was observed down to 30-40 m. Maximum differences of temperature in the two layers during maximum summer stratification (June-August) were around 2.9-8.4 xC. In Lake Ledro, water temperatures had a large range of variation, about 3. 
Planktothrix and MCs temporal dynamics
In both lakes, P. rubescens showed its maximum development in the metalimnetic layers during the stratification months, between July and November (Garda) and June-July and September (Ledro) (Figs. 2(a)  and (b) ). The maximum biomass values of Planktothrix in Lake Ledro were around one order of magnitude greater than the values observed in Lake Garda (Figs. 2(a) and (b)).
Planktothrix was the dominant cyanobacterium in the two lakes. In Lake Garda, the maximum and mean biovolume values of P. rubescens at 0-2 and 19-21 m (715 and 116 mm 3 .m x3 ) almost coincided with the corresponding values computed for the whole cyanobacteria group (726 and 134 mm 3 .m x3 ). The less abundant cyanobacterial species in Lake Garda were mostly represented by Snowella cf. aracnoidea, Dolichospermum lemmermannii and Aphanothece/Aphanocapsa species. Similarly, in Lake Ledro, P. rubescens was by far the most abundant cyanobacterium. Maximum and mean biovolume values at 0 and 20 m of Planktothrix and total cyanobacteria were 8069-1619 mm 3 .m x3 and 8070-1623 mm 3 .m x3 , respectively. The other cyanobacterial species in this lake were represented by very low biomasses of Chroococcus sp. and Pseudanabaena spp.
MCs showed a strict connection with the development of Planktothrix (see the next section) (Figs. 2(c) and (d) ). As in the case of Planktothrix biovolumes, the values of MCs in Lake Ledro were around one order of magnitude greater than the values measured in Lake Garda. The more abundant chemical variants (> 90%) in the two lakes were the desmethyl-RR (Garda and Ledro) and desmethyl-LR (mostly Ledro). Other very minor variants in the two lakes included MCs YR, RR and LR.
MCs -Planktothrix biovolume models
The results of the regression analyses between MCs and the biovolumes of Planktothrix are reported in Table 1 and Fig. 3 . In each lake, the models were almost coincident considering separately the two layers (0 m and 20 m). In Lake Garda, the comparison by Bayes Factor (Martin et al., 2011 ) of the regression model with a common slope and intercept, versus models with different intercepts and intercepts/slopes showed that there was barely positive and positive evidence to support the simpler model (Bayes factors, 1.02 and 3.9, respectively) (Fig. 3a) . Similar results were verified in Lake Ledro (Bayes factors, 1.00 and 24.2, respectively) (Fig. 3b) . In both lakes, after ANCOVA computation, the selection of the more simple model (P < 0.001) compared with the two alternative models (P > 0.10) was confirmed by the ANOVA analyses and AIC values. The models (MC= a+ b r BV Pr ) for the two lakes were (Table 1) : MC= x9.7 + 0.53r BV Pr (Lake Garda) and MC= x31.3 + 0.51 r BV Pr (Lake Ledro), where MC is the total microcystins, and BV Pr the biovolume of P. rubescens. The parameters a and b were equivalent to those estimated by the frequentist mode of inference (x9.8 and 0.53, and x33.6 and 0.51 for the lakes Garda and Ledro, respectively; both relationships, P< 0.001).
Despite the minor range of MCs and BV Pr values in Lake Garda, the slopes b in the two lakes were almost coincident. Nevertheless, the 95% CRIs of the parameters b showed a wider range in Lake Garda (0.39-0.66) compared with Lake Ledro (0.42-0.60) ( Table 1 and Figs. 3(c) and (d)). Considering the whole dataset (the two lakes), the comparison of alternative models with a common slope and intercept, versus models with different intercepts and intercepts/slopes showed that there was positive evidence to support a model with a common slope and intercept (Bayes factor, 1 and 21.6). The model for the whole dataset (Fig. 4(a) , thick line; Table 1 ) was: MC = x11.0 + 0.51 r BV Pr . Even in this case, the selection of the more simple model (P< 0.001) compared with the two alternative models (P > 0.10) was confirmed by the AIC values and ANOVA analyses.
Discussion
The hypothesis that the two lakes developed populations of P. rubescens with similar toxic potential was fully confirmed by the results of this work. The concentrations of MCs were linked to the biovolumes of Planktothrix, with the same mean cell quota (0.51-0.53 mg.mm x3 ), irrespective of the position of the samples (surface or metalimnion) and differences in the two lakes (physiography, trophic status). The greater variability in the estimation of the slopes b in Lake Garda was also probably due to a higher uncertainty in the estimation of biovolumes and MCs at the lower end of the measurement scales (Fig. 3) . A further fraction of unexplained variability was due to the control of cell quota by environmental and physiological factors, as well as changes in the proportion of toxic genotypes (Ye´pre´mian et al., 2007) . Nevertheless, considering the strict link between MCs and BV Pr , these factors appeared of minor importance (see below). The control of MC concentrations was apparently linked to the same environmental factors controlling the development of Planktothrix.
P. rubescens is a very well-known cyanobacterium which develops in many deep lakes north and south of the Alps. Besides Lake Garda and the deep lakes south of the Alps (Buzzi, 2002; Morabito et al., 2002; Salmaso, 2002 Salmaso, , 2011 Salmaso et al., 2012a) , the environmental factors controlling the development of this cyanobacterium were extensively studied in other large subalpine lakes Jacquet et al., 2005; Gallina et al., 2011 Gallina et al., , 2013 Dokulil and Teubner, 2012) , as well as in smaller, deep lakes (Nu¨rnberg et al., 2003; Carraro et al., 2012) and reservoirs (Naselli-Flores and Barone, 2000; Almodo´var et al., 2004; Paulino et al., 2009 ). The increase of P. rubescens during the summer months is partly due to its ability to form strong thickening in the metalimnetic layers provided that the light intensity is not below the Lim. 49 (2013) 309-318 compensation point (Walsby and Schanz, 2002) . The control of the vertical position is associated with the action of gas vesicles, cellular structures providing positive buoyancy (D'Alelio et al., 2011). The higher development observed at 20 m in lakes Garda and Ledro is consistent with many other observations which showed that the optimal depth for P. rubescens was located around the lower limit of the euphotic zone. Actually, the net production in Planktothrix was estimated to be active until about 3-4 mmol.m x2 .s x1 , which are included in the lower range of Photosyntethically Active Radiation (PAR) intensities, generally measured at the 1% irradiance boundary (2-20 mmol.m x2 .s x1 ) (Reynolds, 2006) . The models linking the MCs concentrations and the biovolumes of Planktothrix at the surface and at 20 m did not differ greatly, suggesting a constitutive microcystin production relatively independent from environmental factors. This is consistent with the results obtained from both physiological and genetic investigations. In an experiment with batch cultures of Microcystis aeruginosa, Lyck (2004) showed a parallel development in the cell quotas of MC, protein, chlorophyll-a and carbohydrate; moreover, MCs were produced at rates approximating those needed to replace losses to daughter cells during division. Overall, the results indicated that MCs were constitutively expressed metabolites. Kardinaal and Visser (2005) concluded that the 2-to 3-fold physiological variation in laboratory culture cannot account for the MCs variability over one or more orders of magnitude that are usually observed in the field, indicating how the major source of variation could be related to the selection of toxic and non-toxic genotypes in different cyanobacterial species. Actually, a few recent studies regarding two among the more important producers of MCsMicrocystis aeruginosa and P. rubescens -showed that differences in the MC content per cell in different water bodies depended from the presence of specific genotypes. Okello et al. (2010) found that the proportion of the mcyB genotype differed significantly between various Microcystis-dominated freshwater lakes in East Africa, and that the average MC content per cell depended linearly on the mcyB genotype proportion. Kurmayer et al. (2011) showed that the temporal changes in toxin production by populations of Planktothrix spp. were due to changes in the abundances of toxic and non-toxic genotypes. Similarly, studies carried out on Planktothrix agardhii clearly demonstrated that strong differences in MC cell quota can be present also in single water bodies. Ye´pre´mian et al. (2007) interpreted the weak relationship between the biomass of P. agardhii and the MC concentrations in a small eutrophic lake as mainly caused by seasonal changes in the proportion of MC producing strains, the physiological state of cells and MC chemotypes diversity.
Though with differences in the range of concentrations of both MCs and BV Pr of one order of magnitude, the models linking these two variables in lakes Garda and Ledro showed striking similarities, suggesting the existence of two similar strains inhabiting the two water bodies. It was demonstrated that the geographical isolation could favour the development of different MC genotypes among populations of P. rubescens and P. agardhii (Kurmayer and Gumperberger, 2006) . In our study, the interchange of water between the two adjacent lakes appears to represent an important factor for the exchange of homogeneous genetic strains. In addition, other natural and anthropogenic factors could have effectively favoured the exchange of different phytoplankton and cyanobacteria populations between the two lakes (Kristiansen, 1996; Nehring, 1998) . In fact, we cannot exclude a priori the occurrence of damages and cell lysis in populations of Planktothrix passing through the pumping systems connecting the two water bodies.
The efficacy of the Bayesian approach in evaluating the reliability of regression models was apparent in the estimation of the distributional trend of the slopes relating the Planktothrix biomasses and MCs. In Lake Garda, the 95% CRI had a wider range compared with the model computed in Lake Ledro (0.14 versus 0.09). Actually, both the biomass of Planktothrix (< 800 mm 3 .m x3 ) and the MCs concentrations (<0.6 mg.L x1 ) measured in Lake Garda were in the lower range of measurements usually documented in cyanobacterial populations (Sivonen and Jones, 1999; Naselli-Flores et al., 2007) , and at the border of the provisional value (1 mg.L x1 for MC-LR) at present provided by WHO (2008) as the guideline for cyanotoxins that are of health significance in drinking-waters (see Dietrich and Hoeger, 2005) . The reference value used for MCs in drinking waters adopted by the Italian local authorities is the provisional WHO guideline, whereas bathing is prohibited when MCs concentrations exceed the value of 25 mg.L x1 (Chorus, 2012) . Therefore, especially in the case of Lake Garda, the estimated models and parameters should be interpreted with care. The highest slopes in the Bayesian analyses (e.g., the upper 95% CRIs) could be considered in the evaluation of MCs in the worst case scenarios.
The increasing evidence suggesting that MCs are constitutively expressed metabolites have important implications for water management and risk assessment. The only way to reduce MCs in these lakes is to control the growth of Planktothrix, because low values of biovolumes guarantee a low production of toxins. Furthermore, to evaluate the risks for human health associated with the contamination of waters used for bathing and drinking purposes, many countries are utilizing, for a rapid assessment of toxin contamination, different proxies including water transparency, algal chlorophyll and cyanobacterial abundance (biomass and/or densities) (Chorus, 2012) . The independence of MCs cellular content in relation with the sampled depth in specific water bodies, and the strong correspondence of models relating MCs and Planktothrix biomasses in nearby lakes, represent further elements in favour of the adoption of more specific approaches to cyanotoxins risk assessment and management. However, taking into account the different capacity of toxin producing populations within the same species ( Okello et al., 2010), models relating MCs and cyanobacterial abundances cannot be considered of general use outside the lakes where they were defined. On the other side, the estimation of MCs based on lake-tailored models could increase the sensitivity and reliability of management options compared with approaches based on fixed abundance levels irrespective of the species types or selected cyanotoxins-producing genotypes.
Conclusion
The study of the dominant cyanobacteria (P. rubescens) in two nearby and connected lakes with different physiographic and environmental characteristics (Garda and Ledro) provided the opportunity to evaluate the hypothesis that the two populations had the same ability to produce MCs. In each lake, the Bayesian analyses linking the microcystin concentrations and the biovolumes of Planktothrix did not show differences along the water column. Moreover, models linking MCs and BV Pr were similar in the two lakes, irrespective of the differences in the physiographic characteristics and trophic state. Overall, these results suggest a constitutive microcystin production relatively independent from environmental factors, and the existence of two similar strains inhabiting the two lakes favoured by the lack of spatial isolation. It was stressed how the use of specific lake-tailored models linking MCs and BV Pr could provide a greater sensitivity and reliability in the definition of the management strategies aimed at minimizing the risks due to cyanobacteria development.
